ABSTRACT: Pharbinilic acid (1), the first naturally occurring allogibberic acid, was isolated from ethanol extracts of morning glory (Pharbitis nil) seeds. Its absolute configuration was determined by NOESY NMR and ECD experiments. Compound 1 showed weak cytotoxicity against A549, SK-OV-3, SK-MEL-2, and HCT-15 cells and weakly inhibited nitric oxide production in lipopolysaccharideactivated BV-2 microglia cells.
T he gibberellic acids (GAs, gibberellins) are a large group of diterpenoids that are best known as phytohormones that regulate growth and developmental processesseed germination, stem elongation, flowering, and fruit settingin higher plants. 1−3 Gibberellins were originally discovered from the fungal pathogen responsible for "crazy seedling" disease in rice, where they dysregulated plant growth to produce abnormally elongated seedlings. GAs are also produced by bacteria. Pharbitidis Semen, the seeds of Pharbitis nil (Convolvulaceae), are well known to be a rich source of GAs. 4−7 Our previous reports focused on ent-kaurane diterpenoids, the biosynthetic precursors of GAs, 8 from these seeds. 9, 10 A single GA aldehyde analogue was also isolated from these seeds, 10 and its occurrence prompted us to conduct additional studies. Pharbitidis Semen is both a food and a medicinal agent that has traditionally been used as a purgative in Korea, China, and Japan. 11 A recent investigation of bioactive and structurally unusual GAs from the seeds of morning glory (P. nil) led to the identification of pharbinilic acid (1), a new allogibberic acid, isolated through bioassay-guided fractionation from the most active EtOAc-soluble fraction. Here we report the isolation and structure elucidation of 1. Compound 1 was evaluated for antiproliferative activity against four human cancer cell lines (A549, SK-OV-3, SK-MEL-2, and HCT-15) and for inhibitory activity of nitric oxide (NO) production in lipopolysaccharide (LPS)-activated BV-2 cells, a microglial cell line.
Dried seeds (2 kg) of P. nil were extracted at room temperature with 50% EtOH (3 × 1 L, × 3 days). The extract was successively partitioned with n-hexane, CHCl 3 , EtOAc, and n-BuOH. Each extract was evaluated for cytotoxic and antiinflammatory activities, and a bioactivity-guided fractionation method was used for isolation. The EtOAc-soluble fraction (2 g) was the most active in the bioassay, and further fractionation on a silica gel column (CHCl 3 /MeOH), an RP-C 18 silica gel column (H 2 O/MeOH), and a reversed-phase HPLC column (Econosil RP-18 10 μm; 250 × 10 mm, 33% MeCN, Shodex refractive index detector) yielded pure compound 1 (6.0 mg, 0.0003%).
Pharbinilic acid (1) C NMR and HSQC spectra displayed two carbonyl carbons at δ C 175.8 and 167.3, 10 olefinic carbons between δ C 156.4 and 107.2, one oxygen-bearing carbon at δ C 79.1, one methyl carbon at δ C 11.9, and seven aliphatic carbon signals between δ C 57.2 and 21.9. In the UV spectrum of 1, absorption maxima were observed at 288 nm, which indicated the presence of a conjugated aromatic ring.
Interpretation of the HSQC data allowed all single-bond proton and carbon correlations to be assigned. An analysis of the COSY and HMBC data for 1 led to two substructures ( Figure 1) . A methyl resonance at δ H 2.46 (δ C 11.9), typical for an aromatic methyl group, showed HMBC correlations to carbon resonances at δ C 155.5, 139.7, and 120.4, the carbon resonances at δ C 155.5 and 139.7 of which also showed HMBC correlations with an olefinic proton at δ H 7.67 (δ C 113.5). This proton resonance additionally showed an HMBC correlation to a carbon resonance at δ C 116.7, which also correlated with the olefinic proton at δ H 8.36. This olefinic proton was attached to the carbon with a carbon resonance at δ C 152.5, which in turn had HMBC correlations to a carbonyl carbon at δ C 167. 3 and carbon resonances at δ C 155.5 and 125.4. These HMBC correlations defined the left-hand portion of the substructures, as illustrated in Figure 1 . Two olefinic resonances at δ H 5.19 and 5.08 (δ C 107.2), typical for an exomethylene group, showed HMBC correlations to carbon resonances at δ C 79.1 and 39.9. The carbon resonance at δ C 39.9 was correlated to proton resonances at δ H 2.90 and 2.60 in the HSQC, which in turn had HMBC correlations to carbon resonances at δ C 57.2, 49.6, and 48.9. An HMBC correlation between the proton resonance at δ H 3.72 and carbon resonance at δ C 175.8 indicated that the other carbonyl carbon was linked to the carbon at C-6. A methylene resonance at δ H 2.31 and 2.06 (δ C 21.9) showed HMBC correlations to carbon resonances at δ C 79.1 and 55.5, together with COSY correlations to proton resonances at δ H 3.54, 1.75, and 1.72. The proton resonances at δ H 1.75 and 1.72 were correlated with a carbon resonance at δ C 39.5, and the proton resonance at δ H 3.54 was correlated to the carbon resonance at δ C 48.9 in the HSQC, both of which in turn showed HMBC correlation to the carbon resonance at δ C 49.6, respectively. On the basis of these observations, the rightside part of the substructures was elucidated (Figure 1 ). Finally, HMBC correlations from the proton at δ H 3.72 to the carbons at δ C 144.3 and 120.4, from the proton at δ H 3.54 to the carbon at δ C 113.5, from the protons at δ H 2.31 and 2.06 to the carbon at δ C 144.3, and from the proton at δ H 7.67 to the carbon at δ C 48.9 allowed the combination of the two substructures of 1, as shown in Figure 1 .
The absolute configuration of 1 was clarified by an electronic circular dichroism (ECD) study in combination with the NOESY spectrum. The configuration of C-6 carboxylic acids in gibberic acids with an aromatic A ring can be determined by an application of ECD data, since the sign of the Cotton effect in the 230 nm region corresponded to the configuration of the C-6 carboxy group independent of structural changes in the C/D and B/C ring junctions. 12 The ECD spectrum of 1 showed a similar ECD curve to those of the known corresponding compounds (Supporting Information), which defined the orientation of the C-6 carboxy group as β, which then defines the 6R absolute configuration. 12 The orientations of the C-8, C-9, and C-13 stereogenic centers were determined by a NOESY experiment combined with molecular modeling based on the established configuration of C-6. A NOESY correlation was observed between H-6 (δ H 3.72) and H-14 (δ H 1.67 and 1.45), but not between H-6 (δ H 3.72) and H-9 (δ H 3.54), whereas a NOESY correlation was observed between H-9 (δ H 3.54) and H-15 (δ H 2.90 and 2.60). All of the observed NOESY correlations were consistent with the conformation of the 6R, 8S, 9R, 13S isomers in molecular modeling (Figure 2) .
Moreover, the chemical shift of H-9 (δ H 3.54) for 1 agreed well with the corresponding value for 9-epiallogibberic acid with 9R (the corresponding value for allogibberic acid with 9S is δ H 2.78). 13 Therefore, the absolute configuration of 1 is 6R, 8S, 9R, and 13S.
Pharbinilic acid (1) is a member of the relatively rare class of allogibberic acids, which are GA decomposition products. GAs decompose thermally in aqueous solution to gibberellenic acid, which can undergo further thermal or photochemical decomposition to yield allogibberic acid or 9-epiallogibberic acid.
14−16 To date, several allogibberic acids have been reported, but none have been isolated from natural sources; they have been produced artificially from gibberellic acid under laboratory conditions. 14−16 The apparent uniqueness of compound 1 suggested that it might be an artifact generated during extraction and isolation. To check this possibility, a second specimen of the morning glory seeds was extracted by the same procedure, and this minimally handled extract was used in a separate experiment in which HPLC and LC-MS were used to detect the component by comparison with the isolated sample of compound 1. Pharbilinic acid (1) was observed in both HPLC and LC-MS analyses, which indicates that it is not an isolation artifact but a genuine natural product. This is the first allogibberic acid isolated from natural sources as a genuine metabolite, representing a unique example of an allogibberic acid possessing a furan ring adjacent to the A ring. A literature survey revealed that several similar compounds with the benzofuran moiety have been reported as hydrolysis products of the fungal metabolite wortmannin. 17, 18 Compound 1 was evaluated for relevant potentially anticancer cytotoxicity against A549 (non-small-cell lung carcinoma), SK-OV-3 (ovary malignant ascites), SK-MEL-2 (skin melanoma), and HCT15 (colon cancer) cell lines using the sulforhodamine B (SRB) bioassay. 19 Compound 1 exhibited weak cytotoxicity against all of the cell lines tested, with IC 50 values of 15.72 ± 0.74, 4.83 ± 0.31, 8.36 ± 0.52, and 6.79 ± 1.13 μM for the A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines, respectively. On the basis of the understanding that cancer progression is associated with inflammatory responses, the anti-inflammatory activity of compound 1 was also evaluated by examining its effect on lipopolysaccharideinduced nitric oxide production in murine microglia BV-2 cells. As a result, compound 1 weakly inhibited NO production, with an IC 50 value of 32.9 μM without cell toxicity, compared to 16.8 μM of the positive control L-NMMA.
Journal of Natural Products
The discovery of pharbinilic acid, the first allogibberic acid isolated from natural sources, provides crucial evidence that allogibberic acids indeed exist as a genuine natural product.
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were measured on a Jasco P-1020 polarimeter (Jasco, Easton, MD, USA). The IR spectra were recorded on a Bruker IFS-66/S FT-IR spectrometer (Bruker, Karlsruhe, Germany). The ECD spectra were measured on a Jasco J-715 spectropolarimeter (Jasco, Easton, MD, USA). The UV spectra were recorded with a Shimadzu UV-1601 UV− visible spectrophotometer (Shimadzu, Tokyo, Japan). HR-ESI mass spectra were recorded on an SI-2/LCQ DecaXP liquid chromatography (LC)-mass spectrometer (Thermo Scientific, West Palm Beach, PL, USA). NMR spectra were recorded on a Varian UNITY INOVA 500 NMR spectrometer (Varian, Palo Alto, CA, USA) operating at 500 MHz ( Extraction and Isolation. The dried seeds (2 kg) of P. nil were extracted with 50% EtOH (3 × 1 L, × 3 days) at room temperature and filtered. The filtrate was evaporated in vacuo to obtain the EtOH extract (250 g), which was suspended in distilled H 2 O (3.2 L) and then successively partitioned with n-hexane, CHCl 3 , EtOAc, and nBuOH, to yield 2, 1.5, 2, and 108 g of dried organic extracts, respectively. Each extract was tested for cytotoxic and antiinflammatory activities, and a bioactivity-guided fractionation method was used for isolation work. The EtOAc-soluble fraction showed cytotoxicity against A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines and weakly reduced the production of LPS-induced pro-inflammatory factor, NO, in BV-2 cells. On the basis of the bioactivity of the extracts, the most active EtOAc-soluble fraction (2 g) was chromatographed on a silica gel (230−400 mesh, 300 g) column and eluted with CHCl 3 / MeOH (10:1 → 1:1, gradient system) to yield six fractions (A−F). Fraction E (600 mg) was applied to an RP-C 18 silica gel column (50% MeOH/100% MeOH, gradient system) to yield 11 subfractions (E1− E11). Fraction E5 (20 mg) was further purified by semipreparative reversed-phase HPLC (33% MeCN), using an Econosil RP-18 column (250 mm × 10 mm i.d., 10 μm, Alltech, Nicholasville, KY, USA), to give pure pharbinilic acid (1) (6 mg, t R = 16.5 min).
Pharbinilic acid (1) The cell lines used were A549 (non-smallcell lung adenocarcinoma), SK-OV-3 (ovary malignant ascites), SK-MEL-2 (skin melanoma), and HCT-15 (colon adenocarcinoma). These cancer cell lines were provided by the National Cancer Institute (NCI). An SRB bioassay was used to determine the cytotoxicity of each compound against the cell lines. 19 The assays were performed at the Korea Research Institute of Chemical Technology. Doxorubicin was used as a positive control. Doxorubicin cytotoxicity against the A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines was IC 50 0.02, 0.01, 0.01, and 0.13 μM, respectively.
Measurement of NO Production and Cell Viability. Murine microglia BV-2 cells were plated into a 96-well plate (3 × 10 4 cells/ well). After 24 h, cells were pretreated with samples for 30 min and then stimulated with 100 ng/mL of LPS for another 24 h. Nitrite, a soluble oxidation product of NO, was measured in the culture media using the Griess reaction. The supernatant (50 μL) was harvested and mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-1-naphthylethylenediamine dihydrochloride in 5% phosphoric acid). Absorbance at 540 nm was measured after 10 min using a microplate reader. Sodium nitrite was used as the standard to calculate the NO 2 ■ ACKNOWLEDGMENTS
